Essential hypertension (EH) is a risk factor for some severe diseases. This study aimed to screen out serum special proteins and seek interaction between them, which would provide new therapeutic targets and elucidate the comprehensive pathophysiological mechanism for EH. Patients with EH (Group A, = 47) and healthy controls (HC) (Group B, = 47) were recruited in this study. Serums from the two groups were analyzed with isobaric tags for relative and absolute quantitation coupled two-dimensional liquid chromatography followed by electrospray ionization-tandem mass spectrometry technique, while the candidate special proteins were verified with ELISA and western blot. A total of 404 proteins were identified, of which 30 proteins were upregulated (>1.2-fold, < 0.05) and 81 proteins were downregulated (<0.833-fold, < 0.05) compared with HC group. With GO, KEGG analysis, and literature retrieval, 4 proteins, cathepsin G, transforming growth factor beta-1, hyaluronidase-1, and kininogen-1, were found jointly involved in the renin-angiotensin-aldosterone system and kallikrein-kinin system. The profiles of these 4 candidate proteins were confirmed with ELISA and western blot. The concentration variation of these 4 proteins could better predict the occurrence and illustrate the pathophysiological mechanism of EH. And their discovery may help pave the way for exploring new therapies of EH.
Introduction
Essential hypertension (EH) is an age-dependent disease and is defined as pathological high blood pressure (BP) [1] . The risk of cerebral, cardiac, and renal events would be increased [2, 3] . In China, there has been a strong upward tendency in EH incidence with age. Until 2010, about 20 percent of people in China have suffered from high BP [4] . However, the comprehensive pathogenic mechanism of EH is still unclear, which resulted in unsatisfactory prevention and treatment effects at the present stage. Therefore, further studies in depth should be performed on the internal pathomechanism of EH, which would be clinically valuable in early prevention and control of EH.
So far, lots of scholars have studied the pathogenic mechanism of EH from genetics and metabonomics. However, the middle link between genetics and metabonomics was always ignored, whose level and activity variation would directly have effects on the EH process. The physical functions would be performed through protein interaction. Thus, manifestations would be merely associated with protein interaction, which also indicated that protein was the direct executor of vital activities [5] . It is considered that proteomics variation would be the middle link between genetics and metabonomics for pathophysiological reactions. Meanwhile, as proteins keep varied in all stages of life activities, they could dynamically respond to genetic manipulation, endogenous variation, and exogenous stimuli [6] . It is assumed that 2 BioMed Research International disordered proteins may play a key role in BP elevation and the abnormal BP must be reflected by a special protein manifestation. It would be involved in an integral physiological function.
Blood travels through the human body and contains various products of physiological and pathological processes. Most abundant secreted factors can be observed in the blood and thus it was recognized as a highly believable sample for disease-related biomarkers [7] . After separating blood cells and fibrin, the remaining supernatant was serum. Serum is also an ideal sample for biological analysis, which retains rich bioinformation. Serum proteomics has gained considerable interest during disease biomarker exploration [8] . In this study, it was also chosen as the research sample.
In this study, serum proteins were identified and quantified in both EH individuals and healthy controls with iTRAQ labeling coupled with 2D LC-MS/MS technique. First, the candidate differentially expressed proteins were filtered in previous discovery section. Second, 4 special candidates were selected out according to GO annotation, KEGG pathway, and literature analysis in further discovery section. Third, the 4 candidates were validated with ELISA and western blot for confirming their variation tendency in discovery section.
Methods and Materials

Study Design and
Subjects. This study design was reviewed and approved by the Ethics Committee of the Affiliated Hospital of Shandong University of Traditional Chinese Medicine (Jinan, China). The study proposal was approved by the institutional review board. All patients signed written informed consent. Serum samples of both healthy individuals and EH patients were obtained from the Outpatient Department of Cardiology of the Affiliated Hospital of Shandong University of Traditional Chinese Medicine (Shandong, China) and Jinan Hospital of Traditional Chinese Medicine (Shandong, China).
All EH patients were defined and screened according to the criteria of Hypertension Prevention and Cure Guideline of China in 2010. It included 47 patients (age range: 43-62 years old) meeting the BP criteria (140 mm Hg ≤ SBP ≤ 179 mm Hg or 90 mm Hg ≤ DBP ≤ 109 mm Hg) after a washout period of two weeks, who were regarded as Group A, while another 47 healthy volunteers meeting the age requirement were regarded as Group B.
Exclusion Criteria. Individuals that fell outside the age range and BP range; patients diagnosed with secondary hypertension; pregnant women, breastfeeding women, and women planning to be pregnant; patients with allergic conditions; and patients with diabetes mellitus, uncontrolled hypertension, heart failure, mental disorder, renal dysfunction, or liver disease were all excluded.
All the enrolled individuals underwent a standardized clinical examination including body mass index (BMI), BP, AngII (angiotensin II), and ALD (aldosterone) ( Table 1 ). The workflow of this study was described (Figure 1 ).
Sample
Preparation. 20 individuals in each group were randomly selected for proteomics analysis in discovery section. Morning fast blood (5 mL) was collected with serum separation tubes. After clotting for 30 min at room temperature, samples were centrifuged for 10 min at 4000 rpm for serum separation. Then, the supernatant was centrifuged for 10 min at 10,000 rpm and lipid in upper lay was removed. At last, the supernatant was collected into EP tubes and stored at −80 ∘ C till use. Hemolysis should be avoided in sample preparation. Serum samples were pooled for the next step (10 samples of each group were pooled together; Groups A1, A2, B1, and B2 were formed). For minimizing the interference from complex samples, the highly abundant proteins were depleted with ProteoMiner6 Kits (Bio-Rad Laboratories, Hercules, CA, USA). Group B B1 n = 10 B2 n = 10 Figure 1 : Overview of the workflow for discovering and verifying candidate special proteins (Group A: HC; Group B: EH). The left section was the discovery phase; the individuals in each group were randomly divided into two subgroups for biological repeat (A1, = 10; A2, = 10; B1, = 10; B2, = 10). Then, the right section was the verification phase; a total of 54 individuals were involved, including 27 HC and 27 EH.
Trypsin Digestion
at 4 ∘ C, the protein pellet was collected. Then, the pellet was dissolved in 0.5 M TEAB (Applied Biosystems, Milan, Italy) and sonicated in ice. After centrifuging at 30,000 at 4 ∘ C, an aliquot of the supernatant was taken for determining protein concentration with Bradford assay (Solarbio, Beijing, China) [9] . Proteins (100 g) from each sample were typically digested and labeled with 8-plex iTRAQ reagents (Applied Biosystems, USA).
The labeled samples were pooled and eluted into 20 fractions with an Ultremex SCX column containing 5 m particles (Phenomenex, USA). The eluted fractions were then desalted with a Strata X C18 column (Phenomenex, USA) and dried under vacuum [10] .
Nano-HPLC-MS/MS.
Each fraction was resuspended in buffer A (2% ACN, 0.1% FA) and centrifuged at 20,000 for 10 min. The final average concentration of peptide was about 0.5 g/ l. 10 l supernatant was loaded on an LC-20AD nano-HPLC (Shimadzu, Kyoto, Japan) by the Autosampler onto a 2 cm C18 trap column. Then, the peptides were eluted into a 10 cm analytical C18 column (inner diameter of 75 m) packed in-house. The samples were loaded for 4 min at a speed of 8 L/min, and then they were run at 300 nL/min during the 44 min gradient. The gradient elution program was started from 2% to 35% B (98% ACN, 0.1% FA), followed by 2 min linear gradient to 80%, and maintained at 80% B for 4 min and finally returned to 5% in 1 min.
The peptides were subjected to nanoelectrospray ionization followed by tandem mass spectrometry (MS/MS) in a Q EXACTIVE (Thermo Fisher Scientific, San Jose, CA) coupled online to the HPLC. Intact peptides were detected in the Orbitrap with a resolution of 70000. Peptides were selected for MS/MS with high-energy collision dissociation (HCD) operating mode and the normalized collision energy was set at 27 V. The ion fragments were detected in the Orbitrap at a resolution of 17500. A data-dependent procedure that alternated between one MS scan and 15 MS/MS scans was applied for the 15 most abundant precursor ions. A threshold ion count of above 20000 was set in the MS survey scan with a following Dynamic Exclusion duration of 15 s. The applied electrospray voltage was 1.6 kV. Automatic gain control (AGC) was applied to optimize the spectra generated by the Orbitrap. The AGC target for full MS was 3 6 and 1 5 for MS2. For MS scans, the / scan range was 350 to 2000 Da. For MS2 scans, the / scan range was 100-1800 Da. For protein identification, a mass tolerance of 2 ppm was permitted for intact peptide masses and 0.05 Da for fragmented ions. One missed cleavage was allowed in the trypsin digests. The variable modifications were Gln-> pyro-Glu (N-term Q), oxidation (M), and deamidated (NQ); the fixed modifications were carbamidomethyl (C), iTRAQ 8-plex (Nterm), and iTRAQ 8-plex (K). The charge state of peptides was set to +2 and +3. Specifically, an automatic decoy database search was performed in Mascot by choosing the decoy checkbox. A random sequence of databases was generated and tested for raw spectra as well as the real database. To reduce the probability of false peptide identification, only peptides (95% confidence interval) greater than "identity" in Mascot probability analysis were counted as identified. And at least one unique peptide was involved in each confidently identified protein.
Only protein with fold change meeting the criteria (>1.2 or <0.83) and values < 0.05 was considered as protein with significant expression differences.
Function Method Description.
Functional annotations of proteins were conducted with Blast2GO program against the nonredundant protein database (NR; NCBI). Metabolic pathways of these identified proteins were screened via KEGG database to filter proteins involved in any EH related pathway.
In addition to the above database search, on the other hand, candidate proteins were screened via searching in EH related literatures. Predicted protein-protein interactions were generated and visualized with STRING 10 software [11] . Clusters of proteins were determined through confidence level of surrounding protein-protein interactions.
According to the above analysis methods and literature retrieval, proteins closely related to the onset of EH were chosen as candidate special proteins.
ELISA and Western Blot.
ELISA was employed to quantify the concentrations of the serum proteins, for determining the variation fold of expression level of candidate proteins. Human CTSG ELISA kit and human HYAL1 ELISA kit (Cusabio Biotech, Wuhan, Hubei, China), TGF-1, and KNG1 (Abcam, Cambridge, MA, USA) were applied to determine the concentration of these proteins in each serum of validation set (27 HC and 27 EH individuals). Each sample was performed in duplicate according to ELISA manufacturer's instructions. KNG1 was the precursor of BK (bradykinin) in KKS pathway, which was a powerful endothelium-dependent vasodilator. The concentration of BK was also detected via ELISA kit (Cusabio Biotech, Wuhan, Hubei, China).
Protein KNG1 and CTSG were selected in verification with western blotting. A total of 50 g serum protein was separated in 12% w/v SDS-PAGE and transferred onto a PVDF membrane (0.22 m) with the semidry transfer system (Bio-Rad Trans-Blot Turbo, USA). After blocking with 5% skim milk in PBS buffer at room temperature for 2 h, the membrane was incubated with rabbit anti-human antibody (1 : 1000; Abcam, Cambridge, UK) at 4 ∘ C overnight. On the next day, membranes were incubated with HRP labeled goat anti-rabbit IgG (1 : 20000; ZSGB-BIO, China) at room temperature for 2 h after washing, followed by detection with ECL solution (Millipore, GER). The densitometry of bands was analyzed by Quantity One software (Bio-Rad, USA). Finally, membranes were blocked and incubated for internal marker development (rabbit anti-transferrin antibody, bs-2052R, Beijing, China) [12] . The gray value ratio of target proteins represented the relative expression levels between the two groups. The assay was repeated three times.
Statistical
Analysis. All the measurement data was expressed as mean ± SD. For comparisons between two groups, all comparative data was analyzed with independent samples -test or chi-square test. The SPSS16.0 statistical package was applied. A significance threshold of 0.05 was set and a threshold of < 0.05 indicated a significant difference.
Results
Protein Identification and Candidate Proteins Screen.
In the discovery phase, a total of 404 proteins were identified, with a false discovery rate of <1%. In the 404 proteins, the expression of 111 proteins was significantly differentiated between two groups (iTRAQ ratios ≥ 1.2 or ≤0.83), of which 81 proteins were downregulated and 30 proteins were upregulated. It also provided the information of protein ID, mass, sequence, and fold between two groups.
Reproducibility of the proteomic analysis was assessed to enhance the confidence of this study. To reduce individual or biodiversity difference, biological replicate was set in sample preparation. The subjects in each group were randomly divided into two subgroups. Four subgroups were formed: A1, A2, B1, and B2. The results of both intragroup replicate and repetitive assessment between comparison groups indicated a good repeatability (Figure 2) .
The associations of the 111 dysregulated proteins with onset and development of EH were explored. They were screened with GO, KEGG database, and literature review. Firstly, these proteins were searched in GO analysis and only 95 of the 111 dysregulated proteins were described in GO analysis. According to GO classification (Figure 3) , it showed the biological process, molecular process, and cellular distribution of differentially expressed proteins, respectively. The dominant functions of these dysregulated proteins were provided (Figure 3(b) ), including binding (48%), catalytic activity (25%), and enzyme regulator activity (7%). It implied that most dysregulated proteins acted as catalysts or regulators in biological pathways. The location of these proteins was also provided (Figure 3(c) ). They were evenly located in the extracellular region (26%), cell and cell region (20%), organelle and organelle region (20%), and membrane (16%).
Target proteins would be diffused into blood, followed by having regulation effects in biological processes. These proteins were general secretory proteins, acting as link protein, enzyme, or regulator for biological functions. Thus, KEGG database and literatures were further searched. Combining with KEGG pathway and EH pathogenic mechanism associated literatures, 24 proteins out of 111 dysregulated proteins were screened out as candidates (the 24 candidate proteins with GO description are listed in Table 2 ). The genetic constitution or physiological or functional interaction of the 24 candidates was described with STRING network (Figure 3(d) ). It displayed a close interaction among these proteins. In addition, to further investigate the plausible biological processes in which these proteins might be involved, we used bioinformatics analysis and the availability of commercial kits and discovered alterations in the biological process of factor production and catabolism process in many key pathogenesis nodes, and 4 candidates (proteins CTSG, KNG1, HYAL1, and TGF-1) were involved in the process and were selected for further verification.
Validation of the Candidate Proteins.
In this phase, 4 candidate special proteins were verified with an ELISA kit. 54 samples (27 HC individuals and 27 EH patients) participated in this verification and all standard curves were well fitted with 2 > 0.95 (Figure 4 ). The CTSG concentrations in serum of HC and EH groups were 347.58 ± 76.87 pg/mL and 629.22 ± 169.80 pg/mL. The levels of HYAL1 were 1.75 ± 0.57 ng/mL and 2.59 ± 0.62 ng/mL, respectively. The concentrations of KNG1 were 34.79 ± 7.89 ug/mL and 24.78 ± 7.06 ug/mL. The TGF-1 levels were 0.58 ± 0.13 ng/mL and 0.88 ± 0.31 ng/mL in HC and EH groups, respectively. There was a significant difference in the concentration of all candidate proteins between the two groups ( < 0.01). In a word, the concentration profiles of the 4 proteins were consistent with the results in the discovery phase.
To confirm the differential expression observed in ELISA, the expression levels of CTSG (29 KD) and KNG1 (48 KD) were further examined with western blot. Transferrin (77 KD) was selected as an internal reference [13] . In Figure 4 , the histogram of average gray ratio showed an increasing tendency of serum CTSG expression in EH group compared to that in HC group. However, it indicated a decreasing profile in serum KNG1. The western blot results of both candidates conformed to results of iTRAQ and ELISA. Figure 2 : Reproducibility of proteomic analysis. The abscissa represents different variation levels; the left ordinate represents the number of quantitative proteins at different variation levels, and the right ordinate represents the accumulation ratio of total quantitative proteins at different variation levels. (a) and (b) display a comparison of the intragroup; for example, (a) shows that a difference less than variation of 0.1 could be observed in approximately 61.0% of the proteins (A1/A2) and a difference less than variation of 0.5 could be observed in more than 95.0% of the proteins. Besides, (c) exhibits the reproducibility of the comparison group. The mean CV of this comparison group was 8.3%, and when CV was 30%, the coverage ratio was up to 96% of all quantitative proteins between two comparison groups (A1 versus B1/A2 versus B2). 
Validation for the Downstream
Discussion
EH is a worldwide disease with high incidence. BP was regulated by many biological materials, including genes, proteins, and metabolites. There was significant recent progress in studies on genomics and metabolomics, which revealed that the onset of EH was closely related to vascular endothelial and kidney dysfunction. However, the vital substances involved in these complicated pathological cases were not clearly demonstrated [14] [15] [16] . It is urgent to reveal which or what kind of substances had effects on raising BP.
Proteins are key components of biological networks with dynamic variations in different cells and organs during growth and development, in response to environmental stimuli, and in disease processes. The complex biological processes could be studied through systematic biology. With the help of computational tools, proteomic technologies were generally applied to demonstrate function activities from a system-wide perspective [17, 18] .
It was aimed to explore the differentially expressed proteins between healthy individuals and EH patients. In this study, iTRAQ labeling coupled with LC-MS/MS analysis was applied to identify and quantify differentially expressed proteins in serum of EH patients. With these special proteins and their interaction, a biological network could be constructed, including discovered biological substances and pathological pathways. Various aspects of the pathological processes can be demonstrated and the mechanism can be further illustrated, providing new therapeutic targets for controlling EH.
Among differentially expressed proteins, 4 candidate proteins were considered to be the most close to EH and were further verified with ELISA and western blot. A similar profile of these proteins was observed in immunoassay verification and quantification proteomics. In a previous study, the 4 proteins have already been reported to be closely related to or to participate in pathophysiological processes of EH.
CTSG is secreted by the activated neutrophil, which is a serine protease, as well as a lysosomal enzyme [19] . It presents a similar activity to angiotensin converting enzyme (ACE), chymase, elastase, cathepsin B, and tonin during converting inactive decapeptide (AngI) to hypertensive peptide (AngII). In addition, CTSG is also capable of cleaving AngII directly from AGT (angiotensinogen). In normal conditions, all the above-mentioned physicochemical characteristics of CTSG assisted in the regulation of renin-angiotensin system (RAS) to maintain BP [20] . Protein TGF-1 is also involved in the RAAS process. In previous publications, it was reported that BP elevation may be promoted by TGF-1 through several mechanisms, such as stimulating endothelin mRNA expression in the vascular endothelium [21] , suppressing renal tubular sodium reabsorption [22] , and increasing renin release from juxtaglomerular cells in the kidney and AngII expression [23] . Besides, AngII also could induce time-and dose-dependent increases in TGF-mRNA and activation, which directly results in excessive TGF- [24] . Under hypertensive conditions, TGF-1 expression would be increased by renin, AngII, and ALD. Thus, it can be seen that TGF-1 and RAAS act synergistically to accentuate vasoconstriction and sodium and water retention during pathology progression of hypertension. From this, we can see that CTSG and TGF-1 are both involved in the regulation of RAAS. Both proteins could stimulate AngII production, the essential bioactivator of RAS. If production of AngII exceeded the normal level, BP would be elevated through a variety of biologic activities including vasoconstriction [25] , augmentation of venular permeability, and ALD production [26] . In our study, during both discovery and verification phases, there was a significantly higher expression of CTSG and TGF-1 in EH group compared to that in HC group, and both proteins showed a positive correlation with AngII and ALD, respectively. The above results suggested that protein expression played an important role in the regulation of RAAS. In addition, we speculated whether proteins CTSG and TGF-1 would become new hypertension treatment targets. In the future, inhibition of RAAS could be achieved also by reducing or blocking the generation and activation of the two proteins.
HYAL1 is the enzyme involved in the degradation of hyaluronan (HA). It is one of the most important subtypes in HYAL and is the predominant HYAL found in blood circulation [27, 28] . To our knowledge, the breakdown of HMW-HA to LMW-HA is associated with degradation of the endothelial glycocalyx and impairment of the vascular integrity [29] . HA loss would lead to various vascular abnormalities, such as attenuating NO content and activity, which would result in endothelial-dependent dilation dysfunction [30] . Karadag's investigation revealed that there was a significantly negative correlation between serum HYAL1 and NO level in serum of hypertension patients [31] . Similarly, our study found and validated that HYAL1 concentration was significantly higher in EH patients than in HC in both discovery and validation phases. We speculated that the generation of HYAL1 quantities sped up the degradation of HA, which indirectly led to NO reduction and arteriosclerosis in subjects with vascular endothelial dysfunction.
KNG1 is the essential factor of KKS and it could convert into high-molecular-weight kininogen (HMWK) and lowmolecular-weight kininogen (LMWK), the precursors of BK [32] . It has commonly been confirmed that BK could induce production of NO, PGE2, and PGI2. As we know, both PGE 2 and NO are the main endothelium-derived relaxing factors (EDRF) in humans [33] [34] [35] . So, to some extent, serum KNG1 level could affect the content of BK, PGE2, and NO to impact blood pressure. On the other hand, researchers from Kitasato University found that the KNG-deficient (BN-Ka) rats could hardly excrete sodium and water. These rats were extremely sensitive to ingested salt. Their research showed the deficiency of KNG or kinin production would directly led to the accumulation of sodium in the body followed by hypertension [16] . In our study, the expression of KNG1 was decreased in EH patients according to proteomics in discovery section and immunoassay in the verification phase. BK, as its product, was also validated via the ELISA kit. It was found that the level of BK was also decreased as the profile of KNG1, suggesting that there was a certain positive relationship between KNG1 and BK. So, any therapy increasing KNG1 production would improve the generation of BK and lower blood pressure.
Our pilot study showed that the levels of a series of proteins, CTSG, TGF-1, HYAL1, and KNG1, were significantly differentially expressed in EH patients. Their locations and functions in RAAS and KKS are displayed in Figure 5 . From this map, it was observed that the 4 proteins played great roles in factor production and catabolism process in key pathogenesis nodes. So, this indicated that the pathophysiologic mechanism of EH may be mainly related to the level of enzymes and intermediate proteins, which has effects on the RAAS and KKS. Thus, we speculated that interfering in the concentration of these proteins, such as lowering the production or stimulating the degradation of HYAL1, CTSG, or TGF-1, or aiding the production of KNG1 would be a new antihypertension strategy by influencing RAAS or KKS. In this study, the involved key nodes were AngII, ALD, BK, and NO, all of which have been widely confirmed to be crucial components in BP regulation. Besides, exploring key special proteins could not only enhance understanding the pathological mechanism of EH systematically but also provide new therapeutic targets for the disease. Until now, the treatment and prognosis of hypertension have been limited in some certain patterns, without critical breakthrough. In this study, it was shown that BP could be influenced by the levels of target special proteins. In turn, BP would also be recovered after the level recovery of these proteins. So, these protein biomarkers could be potential therapeutic targets for EH in the future.
Conclusion
Biomarkers such as CTSG, TGF-1, HYAL1, and KNG1 were jointly involved in RAAS and KKS, and their concentration level is integrated, consistent with BP variation. In addition, we noticed that enzymes or intermediate regulated proteins would be valuable factors in the occurrence and development processes of diseases. In the future, the 4 proteins would be further validated with larger samples. And we hope the discovery of these proteins may help pave the way for exploring new therapies of essential hypertension.
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